Stem cell activity fluctuates throughout an organism's lifetime to maintain homeostatic conditions in all tissues. As animals develop and age, their organs must remodel and regenerate themselves in response to environmental and physiological demands. Recently, the highly conserved Hippo signaling pathway, discovered in Drosophila melanogaster, has been implicated as a key regulator of organ size control across species. Deregulation is associated with substantial overgrowth phenotypes and eventual onset of cancer in various tissues. Importantly, emerging evidence suggests that the Hippo pathway can modulate its effects on tissue size by the direct regulation of stem cell proliferation and maintenance. These findings provide an attractive model for how this pathway might communicate physiological needs for growth to tissue-specific stem cell pools. In this review, we summarize the current and emerging data linking Hippo signaling to stem cell function
organ reaches its normal size [3] [4] [5] [6] [7] [8] [9] [10] [11] . Mutations in components of this pathway display hugely overgrown organs, which are the result of an increase in mitosis and a decreased susceptibility to undergo cell death [reviewed in [12] [13] [14] . Importantly, emerging evidence suggests that the Hippo pathway can modulate its effects on tissue size by the direct regulation of SC proliferation and maintenance. Current work in flies and mammals has also implicated a role for cellular crowding and cell-cell contacts in regulating Hippo signaling, providing a particularly attractive model for how this pathway might communicate the physiological needs of organ growth to their tissue-specific SC pools [15] [16] [17] [18] [19] . In this review, we summarize the recent findings that tie Hippo signaling to the regulation and maintenance of SCs in the mammal, and highlight questions that remain unanswered in this promising new field.
Hippo signaling in mammals
The Drosophila Hippo signaling pathway is highly conserved throughout evolution, with all core components having direct orthologs in mammals ( Figure 1 ). Accordingly, several lossof-function mutant phenotypes in flies can be rescued by the expression of their respective human homologs [20] [21] [22] [23] . Signal transduction between the mammalian Hippo components is also analogous to that in flies. At the core of the signaling cascade are the Sterile 20-like kinases MST1 and MST2 and their regulatory protein, WW45 (also known as SAV1), which interact to form an activated complex. MST1/2 can also be activated by binding to the RASSF family proteins, which recruit this kinase to the cell membrane and promote its activity [24, 25] . Activated MST1/2 can then directly phosphorylate the large tumor suppressor homolog kinases LATS1 and LATS2 [26] [27] [28] . LATS1/2 are regulated by MOBKL1A/B (collectively referred to as MOB1), which is also phosphorylated by MST1/2 to enhance binding in the LATS1/2-MOB1 complex [29] . In response to high cell densities, activated LATS1/2 phosphorylates the WW-domain containing transcriptional co-activators YAP at Ser127 and TAZ at Ser89, promoting 14-3-3 binding and thereby inhibiting their translocation into the nucleus [26, [30] [31] [32] [33] [34] [35] . Uninhibited YAP/TAZ localize to the nucleus where they serve as co-activators for the TEA-domain family member (TEAD) group of DNA-binding transcription factors [36, 37] . Together, the YAP/TAZ-TEAD complex promotes proliferative and survival programs by inducing the expression of a yet unclear transcriptional program. Although our understanding of signal transduction within the core kinase cascade is well defined, the mechanisms and proteins involved in upstream regulation of the Hippo pathway are not as well established. Among many proteins postulated to be important in the initial steps of Hippo signal transduction, the only one functionally validated in vivo is the Neurofibromatosis2 gene product, NF2 (also known as Merlin) [38, 39] . However, how the membrane-associated NF2 protein signals to MST or other downstream components is still a matter of major investigation. Recently, studies into the mammalian pathway have also highlighted important points of divergence, and Hippo signaling appears to be much more complicated and even context-specific in mammals [12] [13] [14] .
YAP: A 'stemness' gene
During normal homeostatic conditions, adult SCs reside in defined, organ-specific progenitor cell compartments. For instance, the epithelium of the small intestine arises from actively cycling Lgr5 + SCs in the base of the crypts, and 'mini-guts' can be generated in vitro from a single Lgr5 + SC [40] . Similarly, skin SCs present at the hair follicle and interfollicular basal stem/progenitor compartments are responsible for organ homeostasis and regeneration of the tissue. One of the first pieces of evidence linking Hippo pathway activity to SC function came from the observations that YAP and/or TEAD expression was enriched in anatomical compartments containing stem/progenitor cells. In organs such as the small intestine and the developing brain, YAP expression is highly restricted to progenitor compartments, whereas other tissues such as the skin and skeletal muscle, show graded YAP levels based on differentiation status: nuclear (active) YAP expression in stem/progenitor cells, and cytoplasmic (inactive) YAP in mature cells [41] [42] [43] [44] . This spatial organization linking YAP expression/activity to progenitor compartments in various organs indicates that the transcriptional activity of the YAP/TEAD complex could be important in the maintenance of SC traits in normal tissues. This conclusion is in agreement with other studies that have described YAP and TEAD as 'stemness' genes based on expression analyses of adult hematopoietic, neural and embryonic SCs [45] .
Although the staining pattern of YAP in various tissues is generally well characterized, other data and tools for assaying the in vivo activity of this pathway remain elusive. Specifically, the precise expression pattern of other Hippo signaling components in tissues is mostly unclear. The generation of novel detection reagents, such as improved phosphospecific antibodies, to monitor cellular compartments where the pathway is active or inactive will be critical to understand the full mechanisms by which Hippo signaling controls SC biology. Additionally, an in vivo transcriptional reporter for YAP/TEAD transcriptional activity, akin to the TOPflash reporter for WNT activity is, as of yet, lacking in the Hippo field [46] . The generation of such a tool could prove important for marking and/or defining SCs in vivo, while simultaneously facilitating their isolation from various tissues. Finally, a major challenge in the Hippo field has been to determine the cell-specific effects that this pathway has in different tissues. Much of what is known about Hippo is based on conditional knockouts at the whole organ level. As such, it remains unclear whether this pathway would affect SCs and progenitors differently. Similarly, whether Hippo plays a cell-or non-cellautonomous role in SC biology will have to be investigated, because the majority of experiments performed in mammals could affect the stem cell niche as much as the stem cells themselves. Therefore, direct manipulation of SCs and other organ-specific cells would be beneficial in revealing precisely which cell populations contribute to Hippo mutant phenotypes. Regardless of these issues, much progress has been made in exploring the cellular and molecular underpinnings of Hippo signaling in various types of SCs. We outline these findings in the next section (Table 1) .
Hippo signaling and somatic stem cells Hippo in the liver
Compared with other organs, growth in the liver has a number of unusual features. In adults, the hepatocytes that make up the majority of the liver are largely quiescent, dividing approximately once every year. These mature cell types are immensely important in this organ, as tissue replenishment is accomplished by differentiated hepatocytes rather than multipotent stem cells. If, however, hepatocyte proliferation is suppressed (i.e. in response to hepatotoxins), a putative, yet ill-defined stem cell population referred to as 'oval cells', found in periportal regions, expands and differentiates into both hepatocytes and cholangiocytes to regenerate lost liver tissue [reviewed in 47].
Landmark studies that initially supported the physiological relevance of the Hippo pathway in mammals were done in the liver, utilizing mouse models that conditionally overexpress YAP in hepatocytes [26, 41] . YAP activation in the postnatal liver resulted in dramatic but reversible liver hyperplasia, with up to a fourfold increase in the total mass of the organ. At the cellular level, exacerbated proliferation of mature hepatocytes was shown to be the main component of the hyperplasia. These studies provided the initial demonstration that an ortholog of the Drosophila Hippo pathway could impact tissue size in mammals and laid the groundwork for further exploration of this pathway. More recently, other components of the Hippo pathway were postulated to repress proliferation in the liver [48] [49] [50] [51] . Two separate studies showed that, following Mst1/2 deletion, livers overgrew and mice developed tumors with mixed hepatocellular carcinoma (HCC) and cholangiocarcinoma (CC) phenotypes, indicating that these malignancies originated from bipotential liver progenitor cells [48, 49] . Accordingly, histological and biochemical examination showed an expansion of both hepatocytes and oval-like cells, a decrease in the level of phosphorylated YAP and LATS1/2 proteins, and increased nuclear YAP localization [48, 49] . In cell lines derived from MST1/2 null livers, depletion of YAP caused growth inhibition and extensive apoptosis, findings that support the premise that YAP activation is the major mechanism underlying liver overgrowth seen with MST1/2 depletion. Similar results were found in hepatocyte-specific WW45 and NF2 conditional knockout (cKO) mice, whose livers also overgrew and developed HCC/CC mixed tumors, but only showed increased numbers of oval cells without concomitant hepatocyte expansion [49] [50] [51] . In NF2 cKO livers, the downstream role of canonical Hippo pathway components was less clear, because opposing data regarding a connection to YAP have been published [39, 51] . Overall, because the type of cell(s) expanded varied depending on the component deleted/ overexpressed, and because these genetic alterations were manipulated at the whole organ level, key experiments using cell-specific Hippo alterations would clearly elucidate the need for this pathway in controlling growth of the various cell types that make up the liver. Notwithstanding, the aforementioned results clearly indicate that Hippo signaling is required, at least in a cell-autonomous way, to prevent the hyperactivation of YAP in mature and/or progenitor cells, thereby preventing aberrant hepatocyte and/or oval cell expansion, and malignant transformation.
Hippo and skin stem cells
Skin, the largest organ in mammals, protects the body from environmental hazards and prevents dehydration. In order to continuously regenerate and maintain its structural and functional integrity, the skin relies on the self-renewing abilities of epidermal SCs (eSCs) residing in the basal layer. Asymmetric divisions in this SC compartment produce shortlived progenitor cells that stratify, leaving the basal layer and moving up through the suprabasal layers to the surface of the organ as they terminally differentiate [52] .
Recent studies have highlighted the importance of YAP in epidermal development and SC homeostasis [19, 43] . Using a mouse model with skin-inducible expression of YAP, two independent groups demonstrated that the activation of YAP results in a severe thickening of the epidermal layer. Remarkably, this hyperplasia is driven by the expansion of undifferentiated interfollicular stem and progenitor cells [19] . The expanded cells displayed enhanced clonogenic activity and extended self-renewal as demonstrated by the use of colony-formation assays. In contrast, skin-specific deletion of YAP or genetic ablation of the YAP-TEAD interaction during epidermal development resulted in epidermal hypoplasia and failure of skin expansion [19] . This phenotype was attributed to the gradual loss of epidermal stem/progenitor cells and their limited capacity to self-renew.
Surprisingly, genetic analysis showed that in the skin YAP is not regulated by the canonical Hippo kinases. Instead, it was shown that α-catenin, a component of adherens junctions (AJs) and a known tumor suppressor in epithelial tissues, is an upstream negative regulator of YAP. Based on the massive overgrowth phenotypes obtained by deletion of α-catenin in the skin and developing brain, it was postulated that AJs could act as molecular biosensors of cell density and positioning [53] [54] [55] . The genetic and functional data linking YAP and α-catenin support and extend this idea and suggest that YAP is a critical mediator of a "crowd contro" molecular circuitry in the epidermis. In this model, increased cellular density (sensed by an increased number of AJs) limits SC expansion by inactivating YAP. Low basal cell density, as in a growing embryo or after wounding, would translate into nuclear YAP and proliferation. When this molecular network is defective (e.g. by deletion of α-catenin, inactivation of 14-3-3, or activation of YAP) hyper-proliferation and tumors can arise.
Hippo in the intestine
The intestinal epithelium is one of the most rapidly regenerating tissues in the body, turning over completely every 4 to 5 days through the continual proliferation of intestinal SCs (ISCs) located at both the +4 position and in the base of the crypt (Lgr5 + ) [reviewed in 56]. In Lgr5 + ISCs, Notch signaling functions synergistically with the Wnt pathway, the primary proliferation driver in the ISC compartment, to control the balance required for proper growth [57, 58] . While endogenous YAP expression is typically restricted to the crypt compartment, expression of an inducible YAP-S127A protein in the intestine led to a reversible expansion of undifferentiated cells from the crypt, a phenotype very similar to the one observed after YAP activation in the skin. It was also shown that aberrant Notch activation was potentially responsible for the hyperplastic phenotype [41] .
Recent studies have also begun to dissect the function of upstream Hippo regulators in this tissue. Conditional deletion of MST1/2 resulted in a similar intestinal phenotype as the YAP overexpressing model, with an expansion of progenitor cells, a disappearance of all secretory lineages, and the onset of colonic polyps, while SAV1 cKO mice showed a milder phenotype [59, 60] . Accordingly, the authors noted a decrease in YAP phosphorylation and thus, prominent nuclear localization of YAP in both cKO guts. It was further suggested that YAP overexpression mediates the activation of Notch and Wnt signaling by enhancing β-catenin transcriptional activity and inducing the expression of Notch targets [59] . To this end, the authors showed that the ablation of one YAP allele sufficiently suppressed the excessive proliferation seen in MST1/2 cKO animals, a finding that placed YAP genetically downstream of these kinases. This, along with the finding that complete loss of YAP does not alter colonic development, highlights this protein as a promising drug target in gut malignancies. Together, these results are consistent with a model in which the canonical Hippo components, SAV1 and MST1/2, actively restrict YAP transcriptional activity in the ISC compartment to a level that is insufficient to promote proliferation, and that aberrant proliferation induced by YAP in ISCs is in part or wholly due to the activation of Wnt and Notch signaling.
Hippo signaling in the heart
Unlike other tissues, the role of Hippo signaling in muscles is not well characterized. Recent work has shown that cardiac-specific deletion of the upstream kinases (WW45, MST1/2, and LATS) or overexpression of constitutively active YAP resulted in embryos with dramatic cardiomegaly due to elevated cardiomyocyte number and proliferation. Conversely, YAP deletion caused the opposite result, ultimately leading to myocardial hypoplasia. Genetic studies revealed that YAP interacts with β-catenin to promote Wnt signaling, a promoter of stemness and proliferation in the heart [61, 62] . Loss of β-catenin in SAV1 cKO hearts suppressed this overgrowth phenotype, confirming the aforementioned interaction data [61] . A second, independent group extended these results in their own study and suggested a model in which YAP activates the insulin-like growth factor (IGF) pathway, resulting in the inactivation of glycogen synthase kinase 3β (GSK-3β) and, therefore, inactivation of the Wnt degradation complex [62] . These results are in line with other studies in which BIO, a GSK-3β inhibitor, and PI3K-Akt signaling promote cardiomyocyte proliferation, although this study provides the first evidence linking all three pathways biochemically [62] . Therefore, in the heart, YAP promotes embryonic and neonatal cardiomyocyte proliferation by directly binding to β-catenin in the nucleus to promote an SC gene profile, while indirectly promoting Wnt signaling through the IGF pathway.
Hippo and nervous tissues
Neural progenitor cells reside along the ventricular zone in the developing vertebrate neural tube and are responsible for generating myriad cell types composing the mature central nervous system (CNS) [reviewed in 63] . YAP protein is expressed in this progenitor zone in mouse, frog, and chick neural tubes, and colocalizes with Sox2, a neural progenitor marker [64, 65] . Here, loss of Mst1/2 or Lats1/2, or activation of YAP-TEAD lead to a marked expansion of neural progenitors, partially due to an upregulation of cell cycle re-entry and stemness genes, and a block to differentiate by suppressing key genes. Conversely, YAP loss-of-function results in increased cell death and precocious neural differentiation [64] .
In the cerebellum, endogenous YAP is highly expressed in cerebellar granule neural precursors (CGNPs) and in tumor-repopulating cancer SCs in the perivascular niche [66] . An increase in cells showing an undifferentiated CGNP phenotype in this region of the brain, such as medulloblastomas common in children, also express high levels of YAP [66, 67] . Given that CGNPs rely on Sonic hedgehog (Shh) signaling to expand, and that activation of the Shh pathway is implicated in human medulloblastomas, the connection between the Shh and Hippo pathways was investigated [66] . It was found that Shh signaling induces the expression and nuclear localization of YAP in CGNPs, and that YAP then drives the proliferation of these cells. Together, these studies suggest a new model for the brain, in which YAP promotes NSC proliferation by serving as a possible nexus between NSC proliferative pathways, such as Notch and Shh (and possibly others), which were traditionally thought to act in parallel to control brain development.
Hippo and embryonic stem cells
Embryonic SCs (ESCs), isolated from the inner cell mass of blastocysts, are the source of all tissues composing the developing embryo, fetus and ultimately adult organism. In vitro, human and mouse ESC (hESC and mESC respectively) depend on different signals for selfrenewal: mESCs rely on the cytokine leukemia inhibitory factor (LIF) and signals from bone morphogenic proteins (BMPs), while hESC rely on fibroblast growth factor (FGF) signaling and a balance between transforming growth factor β (TGF-β)/Activin and BMP signaling [68] [69] [70] [71] [72] . Transcriptional regulation has also proven to be key for ESC self-renewal, plasticity and differentiation, as forced expression of various transcription factors can reprogram differentiated tissues into pluripotent SCs (induced pluripotent stem cells, iPSCs) capable of self-renewing and generating adult mice [68, 69] . Recently, studies investigating YAP and TAZ have uncovered a role for these transcriptional co-activators in regulating ESC self-renewal and differentiation.
One study that links Hippo to ESC biology found that TAZ dominantly controls the localization of SMAD2/3-4 proteins, which are transcriptional regulators that mediate TGF-β signaling. Upon stimulation with TGF-β, TAZ binds SMAD2/3-4 proteins to facilitate their nuclear accumulation and couples them to the Mediator complex, thereby promoting their transcriptional activity [73] . Importantly, knocking down TAZ, but not YAP in hESCs resulted in a loss of self-renewal and differentiation into neuroectoderm, the same phenotype seen with TGF-β receptor inhibition. Conversely, knocking down LATS2 enhanced the generation of human iPS cells by preventing this kinase from inactivating TAZ [74] . In mouse ESCs (mESCs), YAP associates with SMAD1 to control Id gene transcription for ESC maintenance in response to BMP stimulation [75] . These studies indicated a link among YAP/TAZ-dependent BMP/TGF-β transcriptional output, ESC maintenance and fate decisions.
More recently, two studies found that during mESC differentiation, YAP is inactivated and that knockdown of this or TEAD proteins results in a loss of pluripotency [76, 77] .
Conversely, YAP is activated in iPSCs, increases reprogramming efficiency, and prevents differentiation in mESCs when it is ectopically overexpressed [76] . These studies also found that YAP-TEAD bind to and promote the transcription of known stemness genes --such as Oct3/4, Sox2, PcG targets, LIF targets, Nanog and BMP signaling targets --in mESCs but not in mature cells. Together, these data point to a model in which YAP/TAZ maintain ESC pluripotency in vitro by mediating BMP/TGF-β transcriptional activity and directly promoting the expression of important stemness genes.
Concluding remarks
Since its discovery in the past decade, much progress has been made in the Hippo field and it is now clear that this pathway and its effectors, YAP and TAZ, play critical roles in cell fate decisions, SC proliferation and regeneration. However, key questions regarding the identity and biological relevance of upstream Hippo modulators, and the mechanisms and contexts by which Hippo cross-talks with other SC regulatory pathways remain to be answered. A particular challenge in the field relates to discovering how Hippo signaling might sense and respond to physiological needs for growth and repair in particular organs. Interestingly, recent data from the mouse and the fly suggest that YAP/Yorkie activation might be crucial for injury-induced intestinal stem cell proliferation and regeneration in response to tissue damage [60, [78] [79] [80] . Still, conclusive answers to these questions could bring important insight to the poorly understood problem of organ size control. To this end, it is important to realize that in addition to cell-autonomous signals, microenvironmental cues from the SC compartment, or the niche, are known to play a key role in enabling adult SCs to perceive and respond to environmental changes and needs [81] .
Cell shape and polarity also have a profound effect on the outcome of cell divisions, and thus differentiation decisions, with cleavage-plane orientation determining whether divisions will be symmetric (producing identical daughter cells), or asymmetric (producing daughters with different fates) [reviewed in 82]. It is not surprising then, that the significance of cell junctions and polarity complexes in modulating Hippo signaling has become increasingly apparent [reviewed in [12] [13] [14] . In addition to its binding to α-catenin and adherens junctions, YAP can directly interact with members of the Crumbs polarity complex at tight junctions [83] [84] [85] [86] [87] . These observations suggest that YAP can physically localize to both adherens and tight junctions. Whether one particular adhesion complex is the most important regulator of YAP activity and localization will probably depend on the architecture of each particular tissue. Interestingly, Hippo pathway proteins Lats1, Mst1, and Drosophila Mats (Mob1 homolog) are reported to be activated by membrane targeting [88] [89] [90] . Therefore, these membrane adhesion complexes might serve as a platform for Hippo pathway phosphorylation events to occur. The challenge is now to validate these observations in vivo and place them in a cellular and physiological framework that could provide new insights into SC biology and organ growth.
It is now fair to speculate that proper tissue homeostasis, including the number of stem and mature cells, is achieved through a combination of cell-and non-cell-autonomous signaling, spatial control of YAP/TAZ localization by cell-cell contact, and mechanical cues dictated by tissue architecture. Further elucidation of these processes and how they ultimately converge on Hippo signaling will likely provide insight into molecular mechanisms that regulate development, SC maintenance, and tumorigenesis. Additional studies probing this exceptionally important stem cell pathway will thus be critical in the search for new, regenerative approaches to human medicine and disease. YAP expression in stem/progenitor cell compartments. (A) Intestinal crypt architecture with quiescent (+4) and active crypt base columnar (CBC, Lgr5 + ) stem cells shown. Also shown but not discussed in the text are mature cell types, the transit-amplifying compartment, and components of the intestinal stroma (myofibroblasts). Inset depicts YAP localization in crypts, in wildtype intestine. (B) Epidermal architecture with progenitor cells residing in the basal layer (BL). Asymmetric divisions in this compartment produces short-lived progenitor cells that stratify as they differentiate, leaving the basal layer and moving up into the spinous layer (SL), granular layer (GL), and stratum corneum (SC). Inset depicts significant YAP localization in the basal layer of wildtype skin. Black dotted line represents the border between the dermis and epidermis. 
